Objective: To determine the association of smoking and HIV status with tissue-specific inflammation measured by 18 flurodeoxyglucose positron emission tomography (PET).
Introduction

18
Flurodeoxyglucose-positron emission tomography (PET) (FDG-PET) imaging is used to identify metabolically active tissues such as malignancies, but uptake in other tissues may also reflect high levels of inflammatory cell infiltration. Uptake in the arterial wall, for example, reflects vascular inflammation [1] , whereas increased metabolic activity in the spleen may reflect systemic immune activation [2] . Both measures have been associated with risk of cardiovascular disease (CVD) events in the general population [2, 3] .
Increased arterial inflammation may be an early manifestation of vascular disease in HIV. HIV þ study participants appear to have higher aortic FDG uptake in two studies from the same research group [4, 5] , but another group failed to detect a difference between HIV þ and controls [6] . Additionally, lymphatic tissue activity strongly correlates with measures of HIV disease, but not with aortic uptake [4] . These two PET measures may reflect different pathways of inflammation and immune activation [4] .
We, therefore, sought to confirm the HIVassociations and further explore the potential confounding effect of smoking status on aortic and spleen FDG uptake. Our secondary objectives were (a) to determine whether the smoking effect was modified by HIV status and (b) to explore relationships between PET measures, biomarkers of inflammation and immune activation, and coronary artery disease.
Methods
We prospectively enrolled HIV þ study participants and age-matched HIV-negative controls in a 3 : 1 fashion to undergo a dedicated FDG-PET/computed tomography (CT) protocol designed to optimize large vessel vascular imaging. All study participants were more than 18 years old and free of known CVD. HIV þ study participants were on stable antiretroviral therapy for 12 weeks with at least 6 months of HIV-1 RNA 400 c/ml or less. Serum glucose was confirmed by glucometer and if more than 200 mg/dl, the study was rescheduled. The protocol was approved by the University Hospitals Institutional Review Board and all study participants signed written informed consent.
After a minimum fast of 4 h, 18 F-FDG was injected and study participants then rested quietly in a chair without talking to reduce muscle and jaw uptake. Approximately 3 h AE10-min post-FDG, images were acquired from the orbits through the lower abdomen on a Philips Gemini TF Big Bore PET/CT scanner (Philips Healthcare; Andover, Massachusetts, USA). Images were analyzed offline on a dedicated workstation using MIM, version 6.6.6 by two readers blinded to clinical variables.
Standardized uptake values (SUV) were defined per standard convention as the decay-corrected tissue concentration of 18 F-FDG (in kBq/g) divided by the injected dose/body weight (in kBq/g). 'Mean-mean' aortic target-to-background ratio (TBR) was defined as the average aortic SUV mean measured on consecutive axial slices through the ascending aorta from the sinus of Valsalva to the aortic arch divided by the average of superior vena cava blood pool SUV mean measured from the same axial slices (mean aortic SUV mean Ä mean superior vena cava SUV mean ¼ mean-mean aortic TBR). Aortic SUV max was used in place of aortic SUV mean to generate the 'mean-max' TBR (Mean aortic SUV max Ä mean superior vena cava SUV mean ¼ mean-max aortic TBR). Both mean-mean [7] and mean-max [5] measures are widely used in prior literature; although, most HIV studies have used mean-max [4] [5] [6] 8, 9] . We chose mean-mean as our primary dependent variable of interest because it was normally distributed and did not require log transformation, making interpretation of the effect sizes more intuitive. As a sensitivity analysis, we repeated our models using log-transformed mean-max TBR.
For spleen, we traced the borders of the entire spleen using a three-dimension region of interest tool to determine SUV mean . Inter-reader variability was determined using 10 randomly selected cases and was excellent for both mean-mean aortic TBR [intraclass correlation coefficient (95% confidence interval ( In addition to the PET/CT scan, all study participants had cardiac CT for coronary calcium (CAC) scoring as previously described [10] . Demographics and medical history were obtained by self-report and medical record review. Smoking status was categorized as current, past, and never. Biomarkers of inflammation and immune activation measured from frozen plasma stored at À808 C. Interleukin-6, soluble tumor necrosis factor-a receptor II, soluble vascular cell adhesion molecule-1, oxidized lowdensity lipoprotein cholesterol, and two soluble markers of monocyte activation (sCD14 and sCD163) were measured by ELISA (R&D Systems; Minneapolis, Minnesota, USA). High-sensitivity C-reactive protein (hsCRP) was measured by particle-enhanced immunonephelometric assay on a BNII nephelometer (Siemens; Munich, Germany).
We first compared baseline characteristics using t-tests, Wilcoxon rank-sum tests, or Fisher's exact tests as appropriate. All nonnormally distributed variables were log-transformed prior to analyses. We then used hierarchical linear regression to examine the association of HIV and smoking status with PET variables. The two primary dependent variables of interest were mean-mean aortic TBR and spleen SUV. Initial models included HIV and smoking status only. We subsequently adjusted these models for age, sex, and race. A fully adjusted model added hypertension, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, BMI, homeostatic model of insulin resistance [11] , and statin use. Smoking effect modification by HIV status was assessed by adding an HIV Ã smoking interaction term to the models. Models were repeated using log-transformed mean-max aortic TBR. Exploratory analyses of the association between biomarkers of inflammation, CAC, and PET variables were conducted using a similar modeling approach. For CAC analyses, CAC more than 0 was the dependent variable and spleen SUV mean and mean-mean aortic TBR were the primary explanatory variables in logistic regression models, with multivariable adjustment as above. All analyses were performed using STATA, version 14.2 (StataCorp; College Station, Texas, USA).
Results
The characteristics of the 55 HIV þ study participants and 19 HIV-negative controls are shown in Table 1 . Overall, median [interquartile range (IQR)] age was 50 (42-55) years; 81% were men and 54% were current smokers. The groups were generally well matched (all P > 0.2) except HIV þ were more likely to be African-American (P ¼ 0.05) and to have hypertension (P ¼ 0.003). Figure 1a compares the effects of HIV and smoking status on mean-mean aortic TBR in unadjusted, demographically adjusted, and fully adjusted models. Overall median (IQR) mean-mean aortic TBR was 1.50 (1.39-1.61) and normally distributed. After adjustment for age, sex, race, and traditional cardiovascular risk factors, HIV was associated with 0.16 (95% CI 0.04-0.27; P ¼ 0.009) higher aortic TBR, whereas current smoking was marginally associated with a lower TBR [À0.11 (95% CI À0.23 to 0.01); P ¼ 0.07]. Overall mean-max aortic TBR was 2.72 (2.45-3.23), but was skewed toward the high end and, therefore, log transformed for subsequent analyses. For HIV, results of adjusted and unadjusted models were similar as for mean-mean aortic TBR (fully adjusted b¼0.12, P ¼ 0.043); but current smoking was not associated with mean-max aortic TBR in unadjusted or adjusted models (all P > 0.30). Neither HIV status nor current smoking status was associated with spleen SUV mean in any of the models (all P > 0.34; Fig. 1b) . There was no evidence of an HIV Ã smoking interaction in any of the models (all P for interaction >0.14).
Log-transformed tumor necrosis factor-a receptor II was positively but only borderline statistically significantly associated with spleen SUV mean in fully adjusted models (P ¼ 0.078); however, it was not associated with aortic TBR (P ¼ 0.27). Log-transformed high-sensitivity Creactive protein was also positively associated with spleen SUV mean in unadjusted models (P ¼ 0.006), but adjustment for demographics (P ¼ 0.21) and further adjustment for traditional risk factors (P ¼ 0.33) significantly attenuated the relationship. None of the other biomarkers were associated with aortic TBR or spleen SUV in unadjusted or adjusted models (all P > 0.10).
Spleen SUV mean was associated with higher odds of detectable CAC in a univariate logistic regression model [odds ratio (OR) per 1 SD of spleen SUV 1.70 (95% CI 1.0-2.9]; P ¼ 0.047]. In fully adjusted models, the adjusted OR was similar, but the association was no longer statistically significant [OR 1.80 (95% CI 0.8-3.9); P ¼ 0.14]. Aortic TBR was not associated with CAC more than 0 in univariate or multivariate models (all P > 0.4).
Discussion
In one of the largest prospective vascular PET studies of treated HIV þ to date, we confirm that HIV is associated with increased aortic 18 FDG uptake. Furthermore, smoking was not clearly associated with 18 FDG uptake in aorta or spleen. Biomarkers of inflammation were weakly associated with spleen uptake, which, in turn, was associated with coronary artery calcification.
Our findings contribute to a growing literature on subclinical aortic inflammation measured by 18 PET. The field is complicated in part by different populations (on ART vs. treatment naïve vs. elite controllers) and different imaging protocols. For example, Subramanian et al. [5] used different methods for HIV þ (prospective protocol performed 2-h post-FDG) and HIV-negative study participants (post hoc analysis of clinical scans performed 1-h post-FDG). The HIV effect was substantially smaller in a subsequent prospective study that imaged all study participants 2-h post-FDG [4] . Similar to Knudsen et al. [6] , we chose a longer 3-h protocol to maximize venous blood pool washout. In contrast to Knudsen et al. [6] , however, we did find an association between HIV status and aortic FDG update. Additionally, prior studies in HIV have used mean-max aortic TBR [4] [5] [6] 8, 9] , but some of the earlier protocols reported in the general population used mean-mean aortic TBR [7] . We report both measures and show that results may vary somewhat depending on the method used.
FDG-
The bulk of these data currently suggest that HIV is associated with higher aortic FDG uptake, presumably representing inflammatory cell infiltration. This vascular inflammation has been associated with features of highrisk coronary plaque [8] , but was not associated with CAC in our study. Statin therapy substantially improved high-risk plaque features in a clinical trial; however, there was no effect on aortic 18 FDG uptake [12] . Similarly, ART initiation reduced 18 FDG uptake in lymphoid tissue but not in the aorta [9] . Early pilot evidence suggests that interventions targeting specific inflammatory pathwayssuch as interleukin-1b blockade [13] -may reduce aortic inflammation in study participants with HIV, but it is not clear if the vascular benefit will outweigh the risks of treatment.
Smoking is strongly associated with CVD events [14] , mortality [15] , and subclinical carotid disease [16] in treated HIV infection -an association that appears to be stronger in HIV than in the HIV-uninfected population [15, 16] . However, smoking was not associated with aortic TBR in a prior study [5] . Similarly, we found no evidence of an independent association of smoking with aortic TBR. Together, these studies suggest that vascular inflammation does not explain the potent association of smoking with CVD risk in HIV. Alternatively, smoking may promote vascular inflammation very early in the disease process which is not captured in studies of longer term smokers.
Studies have differed on whether systemic inflammation, as measured by various circulating soluble and cellular markers, relates to aortic FDG uptake. Recent systematic reviews suggest that these biomarkers are strongly related to CVD events [17] , but are less consistently related to markers of subclinical vascular disease including aortic TBR [18] . For example, soluble CD163, a marker of monocyte activation, positively correlated with aortic TBR in one study [5] , but was not correlated in other studies including ours [4, 6] . Inflammation within secondary lymphoid tissue may provide additional information on CVD risk in HIV. In our study, spleen SUV mean was modestly associated with some markers of inflammation and CAC. Future studies should explore these intriguing associations between lymphoid tissue inflammation and CVD.
Our study is one of the largest vascular PET/CT studies to date, which allowed us to explore associations with risk factors while accounting for important confounders; however, we cannot rule out that our findings may be explained by residual or unknown confounders. Furthermore, although our study is the first to include HIV þ and control women, the numbers were small and results may not be generalizable to this group.
In conclusion, our study suggests that HIV is associated with increased aortic inflammation independent of traditional risk factors, but smoking is not. Future studies should continue to explore the mechanistic roles of smoking and inflammation at various stages of clinical and subclinical atherosclerotic vascular disease in HIV.
